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Abstract
Wedemonstrate how a large spin system ( =S 7 2)with the ground andfirst excited state separated
by a seven-photon transition exhibits nonequilibrium thermodynamic properties and how the
population distributionmay bemanipulated using coupling between energy levels. Thefirstmethod
involves non-adiabatic passage through an avoided level crossing controlled with an external DC
magneticfield and the resulting Landau–Zener transition. The secondmethod is based on external
cavity pumping to a higher energy state hybridisedwith another state that is two single-photon
transitions away from the ground state. The results are confirmed experimentally with aGd3+

impurity ion ensemble in a YVO4 crystal cooled to 20mK,which also acts as amicrowave photonic
whispering gallerymode resonator. Extremely long lifetimes are observed due to the large number of
photons required for the transition between the ground andfirst excited states.

1. Introduction

Physical systems based on the light–matter interaction in general and quantum electrodynamics (QED)with
‘spins-in-solid’ in particular have found a very broad range of applications. They constitute a platform for lasers
[1], masers [2, 3], quantum information processing units [4, 5], communication devices [6, 7], clocks [8, 9],
sensors [10], as well as probes in fundamental physics [11, 12]. Particular interest is devoted to rare-earth spin
ensembles in crystals due to their long lifetimes [13–15]. Althoughmany aspects of such systems have been
investigated in detail, many other features are yet to be discovered. Such newpeculiarities not only give birth to
new generations of existing devices and tools but also open avenues for new applications.

In this work, we experimentally demonstrate a new configuration spin system that can bring new ideas to the
field of quantum electrodynamics with spins. In particular, we consider an unusualmanifestation of the spin
angularmomentum conservation law appearing through unusual population dynamics in amultilevel spin
system. Although it is well understood that light–matter interaction for small-enough coupling (not reaching the
ultra-strong coupling regime, i.e., when coupling is small enough compared to the resonance frequencies
involved) is a subject of conservation of energy andmomentum, the role of the latter is not usually discussed
though itmay play a very crucial role inmany systems. The spin angularmomentum conservation law imposes
an additional selection rule for spin–photon interaction by creating photonswith circular polarisation and thus
the spin angularmomentum. For instance, it shapes the system response for a photon interacting with a spin
ensemble in awhispering gallerymode (WGM) cavity by breaking the time-reversal symmetry [16, 17]. The
quantum system configuration in such systemsmay be significantly different from that of traditionalQED
systems, giving new properties that can be exploited for existing and emerging applications.

A typical setup implementing spin–photon interaction consists of a cavity coupled to a two-level system
(TLS) or an ensemble of TLS [2, 18–21]. Each TLSmay absorb or emit one photon by transiting between the
excited and ground states. In this case, these states are separated by spin number one (D =m 1). On the other
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hand, the ground and the first excited statesmay be separated bymore than one spin number (D >m 1). In this
case, the transition requires the corresponding number of photons to conserve the spin number,making the
transition less probable asDm photons are simultaneously required to interact with a spin. This fact not only
reduces spin–cavity coupling but also spin interactionwith the environment. As a result, spins excited to the first
excited states exhibit significantly lower decay rate. On the other hand, despite lower coupling to the cavity, the
spin state can bemanipulated via coupling to other excited states. This work demonstrates the possibility of
manipulation of such a system via cavity pumping to higher excited states and the Landau–Zener effect in a
‘spins-in-solid’ experimental setup.

2.Gd3+: YVO4 spin system

Themulti-photon transition spin system is realisedwith theGd3+ impurity ion ensemble in YVO4 crystal having
the zircon structure [22]. This impurity is a 7/2 spin system, with eight energy levels controllable by an external
magnetic field via Zeeman splitting [23]. At zero field, the energy structure consists of four degenerate pairs of
levels in themicrowave frequency range (figure 1) [24, 25]. Themost important feature of such a system is that
the two lowest energy levels are the - ñ∣ 7 2 and + ñ∣ 7 2 spin states (D =m 7), requiring seven photons for a
transition. It is this large spin number difference that is exploited in this work to lock the spin system in thefirst
excited state (+ ñ∣ 7 2 state). The - ñ∣ 7 2 state plays the role of the ground state throughout this work.

The other important feature of theGd3+:YVO4 spin system isfinite coupling between different energy levels.
The origins of this coupling can vary from imperfections of the crystal structure to imperfect alignment of the
externalfieldwith respect to the c-axis. This coupling is exploited for spin transfer between states with different
spin numberwith respect to the ground state.

In the following theoretical and experimental sections, we limit the discussion to the case of the lowest
temperature routinely achievable with dilution refrigeratorsT=20 mK. This temperature is low enough to
keep thewhole spin ensemble at the lowest energy state in thermal equilibrium.

2.1. Preparing a nonequilibrium state
At zeromagnetic field and for temperatures approaching absolute zero, the population of theGd3+ spin
ensemble condenses to the degenerate  ñ∣ 7 2 states at the thermal equilibrium. Thismeans that the spin
ensemble has an equal distribution between these states. For nonzeromagnetic fields, the thermal equilibrium
deviates from this 50%–50%distribution, approaching complete 100%occupation of the ground state. For a
normalD =m 1 spin system, this thermalisationwould happen naturally on the time scale corresponding to the
strength of coupling to the environment. For the seven-photon transition, however, half of the population is
naturally locked at the + ñ∣ 7 2 state and cannot be easily thermalised. Thus, the overall system exists in a non-

Figure 1.Energy levels of Gd3+ in YVO4 as a function ofmagneticfieldB parallel to the crystal c-axis.
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thermal equilibrium statewith equal distribution, as the externalmagnetic field is initially slowly detuned from
zero. This situation is bounded from the top atB=52 mT,where energy level + ñ∣ 7 2 and - ñ∣ 5 2 come to close
proximity with one another. The overall process is shown infigure 2.

Occupancy of the  ñ∣ 7 2 statesmay be verified bymeasuring the coupling strength between a cavitymode
and spin transitions from the corresponding states to somehigher-energy states. Indeed, the effective coupling
strength for a ñ∣n 2 state is = ñ∣g g N neff 0 2 , where g0 is the coupling strength of an individual spin and ñ∣N n 2 is

the number of spins in the corresponding state under the given experimental conditions. g0 is determined by
spin properties together with the other parameters such as cavitymodefilling factors [26, 27]:

m mb
= ( )g

g

h

hf

V2 2
, 1d B

0
0

where gd is the Landé g-factor, mB is Bohrmagneton, h is Planck constant, f0 is the frequency of the cavitymode,
μ is the permeability of the crystal,β is themagnetic fieldfilling factor of the cavitymode (which can be
calculated by finite element analysis), andV is the volume of the crystal.

2.2. Landau–Zener assisted thermalisation
The energy diagramof aGd3+ ion in YVO4 suggests that, for the externalmagnetic field near 52 mT energy
levels, + ñ∣ 7 2 and - ñ∣ 5 2 cross one another. This picture holds true only for an ideal crystal with externalfield
exactly parallel to the crystal c-axis. In a real experiment this is not the case, and smallmisalignments between
these directions cause coupling gLZbetween the + ñ∣ 7 2 and - ñ∣ 5 2 energy levels. As a result of this coupling,
the levels never cross and form an avoided level crossing (ALC), with thewhole system tunable via the external
B-field.

In the situationwhere energy levels are coupled and the external control parameter is tuned across the ALC, a
quantum system exhibits quantum tunnelling Landau–Zener (LZ) transition [28, 29]. In the discussed system,
the tunnelling occurs from the populated + ñ∣ 7 2 state to the empty - ñ∣ 5 2 . The latter is only a single-photon
transition away from the lowest energy state - ñ∣ 7 2 . As a result, the relaxation to this state occurs on the time
scale of the system relaxation time. Consequently, thewhole population of - ñ∣ 5 2 , i.e., 50%of the total
ensemble (see right situation infigure 3), relaxes back to the ground - ñ∣ 7 2 state, forming the thermal
equilibrium state via the LZ transition. This process occurswhen the control parameter is tuned across 52 mT
(middle situation infigure 3). Thus, the seven-photon population, which has 50%of the spins locked at the first
excited stated, is overcome by the non-adiabatic crossing of energy levels, and a normal one-photon relaxation
occurs requiring no external pumping field.

The Landau–Zener assisted thermalisationmay be detected bymeasuring the coupling between a cavity
mode and the spin transitions fromboth the + ñ∣ 7 2 and - ñ∣ 7 2 levels to + ñ∣ 5 2 and - ñ∣ 5 2 , respectively.
Before the event, the populationwill be equally split between the two lowest levels, and afterwards all ionswill be
in the ground state, as depicted infigure 3. Real-time observation of this effect is not possible in our cavity
implementation, as there does not exist a cavitymode of frequency equivalent to the transition energy at
B=52 mT.

Figure 2.Generation of the equally distributed state and the seven-photon process. Only  ñ∣ 7 2 and  ñ∣ 5 2 are shown. Percentages
show the corresponding level occupancy.
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2.3. Cavity-driven thermalisation
In addition to the Landau–Zenermechanism, the population can be transferred via an external pump field. In
fact, one can pump the population at the + ñ∣ 7 2 state infigure 2 (final situation) to a higher-energy state that is
closer to the ground state in number of photons required for relaxation. For the case of Gd3+ in YVO4, the
proceduremay be implemented as follows: the population from the + ñ∣ 7 2 state is pumped to the + ñ∣ 5 2 (one-
photon efficient process), which is hybridisedwith - ñ∣ 3 2 atB=43 mT, and ions at the - ñ∣ 3 2 state decay to
- ñ∣ 7 2 via - ñ∣ 5 2 (two single-photon processes). The energy level diagram for the cavity-driven thermalisation
is shown infigure 4. The coupling between the + ñ∣ 5 2 and - ñ∣ 3 2 states arises due to the fourthfold symmetry
of the crystal andmay exceed 100MHz [24]. At theworking 43mT, the hybridised state is

- ñ + + ñ∣ ∣0.05 3 2 0.95 5 2 , which togetherwith the splitting of the decay into two single-photon processesmay
decrease the efficiency of the thermalisation. On the other hand, the overall process efficiencymay be controlled
via the strength of the external pump. Indeed, the time required to excite all the spins from + ñ∣ 7 2 to the
hybridised higher-energy state depends on the spin–photon coupling and the number of cavity photons.

Cavity-driven thermalisationmay be observed in real time, as it does not require any tuning parameters to be
involved. For this purpose, one canmonitor the cavity transmissionwhen it is tuned on the + ñ∣ 7 2 to
a b- ñ + + ñ∣ ∣3 2 5 2 atB=42 mT, as it is a function of geff .

3. Experimental realisation

To observe the effects described in the previous section, the ‘spins-in-solids’ approach [19, 30, 31]with aWGM
system [32] is implemented. The systemutilises a single cylindrical YVO4 crystal both as a cavity and ion host.
This ensures the highest filling and quality factors. The YVO4 crystal has a diameter of 13.9mmandheight of
14.3 mm,which provides severalWGMs in the 5–20 GHz frequency range. The spin–photon interaction is
maximised forWGMswith radial (or transverse) component of themagnetic field (WGHmodes). The crystal is
confined inside an oxygen-free copper cavity and cooled to 20 mK inside a dry dilution refrigerator system. A
superconductingmagnet is used to provide aDCmagnetic field almost parallel to the crystal c-axis. The external

Figure 3.Ensemble thermalisation through the Landau–Zener effect. Only four lower energy levels are shown.

Figure 4.Cavity-assisted thermalisation via pumping to hybridised a b+ ñ + - ñ∣ ∣5 2 3 2 state and decay to the ground state through
- ñ∣ 5 2 .
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pump and probefields are provided by a network analyser connected to the cavity via electric field probes
through a chain of cold attenuation (40 dB in total). The transmitted signal is detected via a 4 K low-noise (high-
electron-mobility transistor)HEMTamplifier providing the cavity transmission coefficient S21. The
experimental setup is explained in detail in previous experiments [16, 17, 26].

The cavity transmission S21 is related to the coupling strength between the spin ensemble and a particular
cavitymode, geff , which can be solved by fitting the cavity transmission signal S21:

k

k
=

+ - - +g

- -g( )
( )

( )
( )

( )

S f
f fi

, 2c

g

f f

21

c 2 0 i
d eff

2

s
2 s

where f is the inputmicrowave frequency; f0 is the frequency of the cavitymode; fs is the frequency of the spin
transition, which is a function of the appliedDCmagnetic field; kc is the coupling of probes to the cavitymode;
gd is the dielectric loss of the cavitymode; and gs is spin loss. Onemay determine geff by fitting themaximumof a
transmission curvewhile scanningmagnetic field and signal frequency before and after the LZ-assisted
thermalisation, or investigate the population dynamics by driving the systemon the cavity resonance tuned on
the + ñ∣ 7 2 to a b- ñ + + ñ∣ ∣3 2 5 2 level splitting in the cavity-driven thermalisation approach. Byfitting the
dependence of the resonance frequencies of S21 on the externalfield, one effective coupling parameter is derived
based onmanymeasured data points, covering all significant figures that are given in the results.

3.1. Landau–Zener assisted thermalisation
WGH311 (9.45 GHz) andWGH211 (7.46 GHz) are selected to couple to spin transition - ñ  - ñ∣ ∣7 2 5 2
(Probe 1) and + ñ  + ñ∣ ∣7 2 5 2 (Probe 2) at 26 and 43 mT, respectively (see figure 3). Thus, Probes 1 and 2
give information on the occupancy of levels - ñ∣ 7 2 and + ñ∣ 7 2 respectively via estimated effective couplings

 ñ∣g 7 2 as just stated. In order to observe the LZ-assisted thermalisation, these quantities aremeasured before

(increasing themagnetic field) and after (decreasing the field) tuning the spin ensemble through the avoided
level crossing between + ñ∣ 7 2 and - ñ∣ 5 2 levels up to 100mT.Themagnetic field tuning speed is set to 2mT/
min, which is slow enough to ensure completeness of all transients and to avoid any heating effects. The probing
field is either keptminimal (much less than the number of impurity ions) or switched on only for thefields when
the spin ensemble is tuned on the cavity resonance, so as to avoid any confusionwith pumping effects. As a
result, we obtain four values of the coupling strengths:  ñ


∣g

7 2
for the ensemble–cavity interaction before the LZ

transition and  ñ


∣g
7 2

after the LZ-assisted relaxation. This allows us to estimate corresponding level

occupancies before  ñ

∣N 7 2 and after  ñ


∣N 7 2 . Both numbersmust add up to the total number of impurity spins

N, as only these levels could be occupied at the temperature of 20 mK:

+ =

+ =

+ ñ


- ñ


+ ñ


- ñ
 ( )

∣ ∣

∣ ∣

N N N

N N N

,

. 3

7 2 7 2

7 2 7 2

This relation is experimentally confirmed by the fact that no interactions between theGd3+ ensemble and the
microwavemodes are observed in the cases when energy levels above + ñ∣ 7 2 play the role of the interaction
lower-energy state.

The result of the discussedmeasurement procedure in terms of the cavity transmission is shown in figure 5.
Plots (a) and (b) demonstrate complete leakage of the population from + ñ∣ 7 2 after tuning the system through
the level interaction point.We see that the corresponding ALC totally disappears and the corresponding
coupling switches from =+ ñ


∣g 2 MHz

7 2
to =+ ñ


∣g 0 MHz

7 2
. On the other hand, density plots (c) and (d)

confirm some increase in the ensemble–photon coupling from =- ñ

∣g 2.6 MHz

7 2
to =- ñ


∣g 3.7 MHz

7 2
(i.e.,

by a factor of 2 ), and thus the increase of the population on the ground state by a factor of 2. In terms of the
occupancy, the following expected relations are fulfilled:

=

=

- ñ


- ñ


+ ñ
 ( )
∣ ∣

∣

N N

N

2 ,

0. 4

7 2 7 2

7 2

It should bementioned that the higher-ordermodeWGH311 ismore confined inside the crystal,making
coupling strength - ñ∣g 7 2 larger than + ñ∣g 7 2 even though =+ ñ - ñ∣ ∣N N7 2 7 2 .

The concentration ofGd3+ ion impurities in the crystal can be estimated using coupling strength + ñ


∣g
7 2

:

= = = ´- ñ


- ñ


- ( )∣ ∣
n

N

V

g

g V
2.5 10 cm , 5

7 2 7 2
2

0
2

16 3

whereV is the crystal volume and g0 is estimated using equation (1). This value is small enough to ignore direct
spin–spin interaction betweenGd3+ ions, thus ensuring the phase of the ensemble is paramagnetic [33].
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 ñ


∣g
7 2

and  ñ


∣g
7 2

are furthermeasured as a function of temperature up to 200mK.The result is shown in

figure 6 togetherwith the calculated values for the case of thermal equilibrium (solid curves). The estimations are
made assuming the spin energy level structure shown infigure 1 is constant for all temperatures. These results
confirm two predictionsmade previously. First,measured coupling rates  ñ


∣g

7 2
at all temperatures are

consistent with those calculated in the case of thermal equilibrium, suggesting that the ion ensemble after the LZ
transition is in the thermal equilibrium state. Second,measured  ñ


∣g

7 2
below 200mKare distinct from the

thermal equilibrium state, suggesting that the thermalisation process between  ñ∣ 7 2 is negligible as described
in the previous section.Moreover, when the temperature is below 50mK, these results correspond to the
ensemble distribution shown in equation (3) . Further theoretical investigation of the dynamics for the spin
systempresented in this workmay be performed using approaches used to study Landau–Zener transitions of a
single TLS in a dissipative environment [34, 35].

3.2. Cavity-driven thermalisation
Electron spin resonance spectroscopy usingWGMs [32] of the YVO4 crystal at 20mKrevealed the structure of
the level interaction ofGd3+ ions. The result is shown infigure 7, where both transitions + ñ  + ñ∣ ∣7 2 5 2 and
+ ñ  - ñ∣ ∣7 2 3 2 are observed. Five-photon transition + ñ  - ñ∣ ∣7 2 3 2 becomes visible due to thefinal
state hybridisation + ñ∣ 5 2 , allowing a single-photon transition. The coupling strength between + ñ∣ 5 2 and
- ñ∣ 3 2 is estimated to be 220MHz, giving 5%mixture of - ñ∣ 3 2 with + ñ∣ 5 2 at 43mT.The solid curves in
figure 7 show the estimated spin transitions from the spinHamiltonianwith the 220MHz level coupling.

Figure 5. Interaction betweenWGMs andGd3+: (a)WGH211 and + ñ  + ñ∣ ∣7 2 5 2 spin transition before LZ transition, (b)
WGH211 and + ñ  + ñ∣ ∣7 2 5 2 after LZ transition, (c)WGH311 and - ñ  - ñ∣ ∣7 2 5 2 before LZ transition, (d)WGH311 and
- ñ  - ñ∣ ∣7 2 5 2 after LZ transition.

Figure 6.Ensemble-cavitymode coupling strengths  ñ

∣g 7 2

and  ñ

∣g 7 2

as a function of temperature. The solid curves showpredicted

values for the system in thermal equilibrium state.
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As described in the previous section, the cavity-driven thermalisationmay be observed by tuning the
hybridised spin transition onto theWGH211mode and pumping at the cavity resonance. Themeasured

transmission in this case is found from equation (2) by putting = =f f fs0 and = + ñ

∣g g Neff 0 7 2 :

k

k g
=

+ +
g + ñ


( ) ( )

∣

S f
N

, 6c

c d
g

21 0 2

7 2
s

0
2

where kc , gd , g0, and gs are constants, giving a dependence of the observed quantity on the occupation of the first
excited level.

Time dependence of transmission in equation (6) ismeasured at 43mT for different values of the incident
power Pinc, giving different number of stored photons Ncav . Themeasured transmission is converted into
population + ñ


∣N 7 2 and shown infigure 8. The result suggests that the population of the + ñ∣ 7 2 level decays to

zero, thus approaching thermal equilibrium as described in the previous section. Each observed decaymay be
separated into two exponential processes giving three time parameters: time constant of the initial decay ti, time
constant of thefinial decay tf , transition time fromone into the other T . It is observed that ti increases with
decreasing power.

To explain these results, the energy level diagrammay be approximately reduced to thewell-knownΛ-
schemewith levels ñ = + ñ∣ ∣1 7 2 , a bñ = - ñ + + ñ∣ ∣ ∣2 3 2 5 2 , and ñ = - ñ∣ ∣3 7 2 (seefigure 4).With N being
the vector of populations of corresponding levels, the systemdynamicsmight be described by the following set of
ordinary differential equations:

=
- G

-G - G
G

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟˙

( )
( ) ( )

W N
W NN N

0
0

0 0
, 7

cav 21

cav 21 23

23

where ( )W Ncav , G21, and G23 are time constants associatedwith the cavity pump from ñ∣1 to ñ∣2 and decay from
ñ∣2 to ñ∣3 and ñ∣1 . In the limit of strong pumping ( GW 31 and GW 23), two eigenvalues that can be observed

through the population of ñ∣1 are estimated as- G + G( )1

2 21 23 andW. These values are estimations of the
attenuation rates corresponding to tf and ti time constants correspondingly observed in the experiment. This
result predicts a small power-dependent time constant (slow decay) and a large, almost power-independent time
constant (fast decay) thatmatches the experimental observations infigure 8.

4.Discussion

The unconventional level structure ofGd3+ ions in YVO4 crystal, with the two lowest energy levels split by a
seven-photon transition, provides a qubit systemwith virtually unlimited relaxation time. Indeed, truncating the
structure between + ñ∣ 7 2 and - ñ∣ 5 2 levels, one comes upwith a qubit whosemost general statemay bewritten
as

f a bñ = - ñ + + ñ∣ ∣ ∣ ( )7 2 7 2 , 8

where a b Î, and - ñ∣ 7 2 is the ground state.Moreover, at readily accessible temperature of around 20 mK
and some externalmagnetic field, the energy splittings are such that only the ground state is populated at thermal
equilibrium. And finally, the energy splitting of such a qubit is externally controllable by themagnetic field. Such

Figure 7. Interaction of spin transitions from + ñ∣ 7 2 to the hybridised states + ñ∣ 5 2 and - ñ∣ 3 2 . The solid curves are the calculated
transition frequencies.
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properties could be extremely fruitful for implementation of quantummemories atmicrowave frequencies that
nowadays suffer from relatively low coherence times. Despite the fact that aGd3+:YVO4memory provides
unlimited relaxation times, its coherence times should still be experimentally determined. Additionally, such a
system cannot be efficiently addressed directly, as it would require some complicated protocols involving higher
energy levels and, probably,manipulations with theDC externalfield.

Also, Landau–Zener–Stückelberg interferometry, based on periodic passage of an avoided level crossing
responsible for the LZ transition, has been found to be a useful tool for studying properties of atomic and
superconducting qubit systems [36], including perfect population transfer and implementation quantum gates
for quantum control and quantum computing [37–39].

Another potential area of application for the considered system ismicrowave-to-optical quantum
converters [6, 7] required for coherent information exchange between local quantumprocessors. In addition to
the advantages of Gd3+:YVO4 described previously, the very existence of large zero-field splitting is
advantageous for such applications since such a hybrid systemwould not require a large externalmagnetic field
that can negatively influence superconducting parts.Moreover, excellent optical properties of ‘vanadate lasers’
(rare earth ion-doped YVO4 andGdVO4) are widely exploited nowadays,mostly in the formofNd3+:YVO4

[40, 41] although optical transitions ofGd3+ ions in vanadates have to be studied separately.
The quantum level structure ofGd3+ in YVO4 at the zero field is suitable for physical realisation of a

continuous-wavemaser using an approach similar to that of Fe3+ ions in sapphire [3]. Indeed, at zerofield, the
lower six levels are degenerate in three pairs and form the three-level system  ñ∣ 7 2 ,  ñ∣ 5 2 ,  ñ∣ 3 2 . By
externally pumping the upper level  ñ∣ 3 2 from the ground state  ñ∣ 7 2 , one can induce themaser signal
associatedwith one of the decaying processes. Such amaser can be built based on the employedWGMapproach
by designing the cavitywith a resonantmode corresponding to one of the decay processes. Amaser system can
be also realised at nonzero externalmagnetic field using, for example, a scheme similar to that infigure 4 and
thus exploiting the coupling between energy levels. In this case, the resonator will also be required to have a
mode at a desired frequency. In both cases, concentration ofGadolinium ions in the resonatormast be
increased.

Figure 8. (a)Decay of population of + ñ∣ 7 2 state for continuously pumped cavity for different values of the incident power (see
figure 4). (b)Dependence of the time constants of the decay processes on the incident power.
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Another possible application of theGd3+:YVO4 system exhibiting the spin angularmomentum limitations
on some transitions is inmicrowave detectors that potentially can reach quantum sensitivities. For such a device,
highly required formany quantumoptics experiments atmicrowave frequencies, aΛ scheme has been proposed
[42, 43]. Such a scheme requires long-lived ground and first excited states together with a short-lived second
excited state. These requirements are fulfilledwithin the cavity-assisted thermalisation scheme depicted in
figure 4.Here, the long-lived first excited state + ñ∣ 7 2 is the so-called initial state. By absorbing an external
photon, the system transitions into the exited state a b- ñ + + ñ∣ ∣3 2 5 2 , fromwhich it decays into the lowest
energy state - ñ∣ 7 2 . Bymonitoring population of this level (or equally + ñ∣ 7 2 )with some externalmacroscpoic
parameter depending on the population of these levels, one can count the number of incoming photons. In
principle, the cavity-assisted thermalisation experiment demonstrated in this workmay be reinterpreted in this
way.Here, the role of the externalmacroscopic parameters is played by the cavity transmission and ensemble
spin–photon coupling, although the demonstrated realisation is not in the desired single-photon regime. In
order to achieve such a regime, onewould have to reduce the cavity linewidth or use some othermacroscopic
parameters.

In summary, usingGd3+-dopedYVO4 crystal, we demonstrate peculiarities ofQEDbased on a 7/2 spin
systemwith the ground and first excited states separated by a seven-photon transition. In particular it is
demonstrated that, by sweeping the externalmagnetic field from zero, onemay generate a nonequilibrium state
of the spin ensemble with extremely long lifetimes due to the large number of photons required for the transition
between the ground andfirst excited states. Then it is shown that the equilibrium statemay be achieved through
the Landau–Zener transition or external cavity drive,made possible due to coupling between excited energy
levels. The experiments signify the importance of a particular realisation of a spin ensemble for quantum
electrodynamics.
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